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Bali Pulendran
Dendritic cells are critical for host immunity, and
sense microbes with pathogen recognition receptors.
New evidence indicates that these cells also sense
uric acid crystals in dead cells, suggesting that the
immune system is conscious not only of pathogens,
but also of death and danger.
Most of us are far more influential alive than dead. But
a chosen few achieve power and influence of prodigal
proportions only in their death. Such appears to be the
case with dead cells and our immune system. A recent
report by Rock and colleagues in Nature [1] suggests
that certain types of dead cell contain in their cyto-
plasm copious amounts of a molecule called uric acid,
which in a crystalline form stimulates the immune
system by awakening antigen-presenting dendritic cells
in the body. Dendritic cells are scattered throughout the
body, including the various portals of virus entry, where
they reside in an immature form [2]. Immature dendritic
cells have been considered to be ‘immunological
sensors’, alert for potentially dangerous microbes and
capable of decoding and integrating such signals.
These cells then ferry this information to naïve T cells in
the secondary lymphoid organs, undergoing a matura-
tion process en route. Here the mature dendritic cells
present this information to T cells, thus launching an
immune response and immune memory through which
the antigenic encounter can be remembered even for a
whole lifetime [2].
The observation by Shi et al. [1] that a molecule con-
tained within our very own cells, rather than some
foreign molecule of microbial origin, is a potent stimula-
tor of immunity goes to the heart of a long-standing
puzzle in immunology. To grasp the significance of this
discovery fully, we must first understand this immuno-
logical puzzle. For half a century, immunologists have
pondered the question of how exactly the immune
system ‘knows’ to fiercely attack pathogens, while
showing such tolerance of ‘self’ tissues and organs
within our own bodies. Bold new explanations have
come forth in five incarnations. In 1957, Sir MacFarlane
Burnet’s clonal selection theory [3] placed the burden of
this decision-making on the lymphocytes themselves —
Burnet argued that lymphocytes early in the ontogeny of
an animal die, rather than divide, when they see antigen.
Thus those lymphocytes specific for self antigens would
be extinguished early on. Recognizing Burnet’s failure to
explain how adult animals acquire tolerance to exoge-
nously given soluble antigens [4], Bretscher and Cohn
[5] passed the burden of ‘self-non self’ discrimination
onto helper cells, in their ‘two signal model’, in which B
cells required antigen (signal 1) plus some help from
another cell type, later found to be T cells (signal 2), for
activation — signal 1 alone would kill B cells.
Unhappy with saddling T helper cells with this deci-
sion making, Lafferty and Cunningham [6] passed the
buck to the antigen-presenting cells by proposing that
T helper cells themselves needed two signals for acti-
vation — antigen plus ‘costimulation’, the latter now
coming from antigen-presenting cells. This begged the
question of how it is that the antigen-presenting cells
might distinguish self versus foreign molecules.
Janeway’s ingenious solution [7] was to endow the
antigen presenting cells with certain ‘pattern recogni-
tion receptors’ (PRRs) — highly conserved receptors
expressed on dendritic cells and macrophages that
would detect common structures of invading microbes,
but not structures contained within our bodies. In this
way, the immune cells would discriminate between self
and ‘infectious non self’. Janeway’s theory gained con-
siderable support with the identification of PRRs such
as Toll-like receptors (TLRs) expressed in and on
antigen-presenting cells, and capable of sensing
various bacteria, viruses and parasites [8,9]. That sig-
naling through TLRs does indeed stimulate dendritic
cells and innate immunity has provided compelling evi-
dence for Janeway’s model. In a radical departure from
all previous incarnations, Matzinger [10] suggested that
the immune system, rather than sensing self versus
foreign, in fact is more adapted to sensing any form of
danger, regardless of whether it was of microbial origin
or not. According to this ‘danger model’, antigen-pre-
senting cells are capable of sensing, not just microbes,
but also any form of cellular stress or tissue damage,
caused by various perturbations, including infections.
Despite much initial skepticism, experimental support
for the danger model appears to be amassing slowly —
a clear prediction of this model is that the immune
system ought to be activated not just by microbes but
also by damaged or dead self tissues. Unexpected
support for this came from experiments showing that
certain types of dead cell were able to induce potent
dendritic cell activation and cytotoxic T cell responses
[11]. However, controversy flared when it was shown
that apoptotic cells actually were quite inert, or even
induced anti-inflammatory cytokines such as TGF-β in
antigen-presenting cells [12,13]. The dilemma was
partly resolved when several groups showed that it was
necrotic rather than apoptotic cells that induced den-
dritic cell activation [14,15]. The first self molecules that
have been shown to represent danger signals are the
heat shock proteins — several groups have suggested
that certain mammalian heat shock proteins induced in
necrotic tumor cells, greatly augment tumor immuno-
genicity [16,17]. Also, mammalian heat shock proteins
gp96 and hsp70 purified from necrotic cells induce
potent dendritic cell activation, nitric oxide production
and cytotoxic T cell responses [18]. Other self mole-
cules that appear to convey a sense of danger to the
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immune system include intracellular nucleotides like
ATP and UTP, which function in energy metabolism and
are normally stored in the cytosol. These nucleotides
are released from a variety of cells under conditions of
hypoxia, ischemia, inflammation or even mechanical
stress [19] and can activate dendritic cells. The effect of
these nucleotides is mediated by triggering of the
purinergic receptor, P2Z/P2X7 on dendritic cells [20].
Shi et al. [1] offer further compelling evidence for
another molecule in the cytoplasm of dead cells that
acts as a danger signal for the immune system. The
cytoplasm of dead cells was fractionated by chro-
matography, and the different fractions were assayed
for their ability to stimulate cytotoxic T cells. This assay
was carried out by injecting an aliquot of each fraction
into mice, together with a particulate antigen — in this
case, latex beads coated with the gp120 HIV protein.
Two different fractions were found to induce potent
cytotoxic T cell responses — a low molecular weight
fraction of less than 5 kDa, and a high molecular
weight fraction of ~40–100 kDa. The researchers
focused on the low molecular weight fraction and
found that the major component was uric acid. As uric
acid is a degradation product of nucleotides and plays
a critical role in a number of biochemical processes,
including for example DNA and RNA synthesis and
energy transfer, the question arises as to whether the
activation of dendritic cells by nucleotides observed
previously [19] could have also been caused by uric
acid. Unambiguous evidence that uric acid was indeed
the self danger signal, came from experiments using a
highly purified form of the molecule, which stimulated
immune activation, and experiments using uricase, an
enzyme that degrades uric acid, which reduced the
ability of cytoplasm to boost the immune response.
Interestingly, the study suggests that only crystalline,
but not soluble, uric acid is capable of activating den-
dritic cells. This strategy may have evolved to prevent
indiscriminate immune activation by soluble uric acid, a
physiological byproduct of nucleic acid metabolism
normally present at high concentrations in the blood
and tissue fluids. Because this physiological concen-
tration of uric acid is near-saturating, crystallization
might easily occur when a small excess is released
during cellular damage caused by infection or some
other stress. Intriguingly, gout, an acute form of arthri-
tis associated with painful inflammation, is character-
ized by the formation of uric acid crystals in the joints.
In this case, the stimulation of dendritic cells by these
crystals may initiate the inflammation.
Thus these findings offer a clear boost for
Matzinger’s danger model, but also stimulate several
questions. Why should the immune system be cog-
nizant of tissue damage without microbes? Do other
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Figure 1: Dendritic cells as immune sensors of life, death and danger.
Dendritic cells express many different receptors, including Toll like receptors (TLRs), which enable them to sense life (bacteria, viruses,
parasites, fungi etc) and death (uric acid crystals and gp96 and hsp70 from necrotic cells, apoptotic bodies, etc). Many signals of life and
death can harm the integrity of the local tissues and of the host itself — thus these constitute clear danger signals for the host. Dendritic
cells rapidly become activated in response to such signals, and result in immune activation and inflammation. It is tempting to speculate
that other manifestations of danger that activate immune responses may include signals such as neurotransmitters released during the
fight–flight response, or severe cell death caused by other trauma, cardiac arrests, or strokes. In contrast, ‘quietly’ dying apoptotic cells
or other undefined signals that represent no harm to the integrity of the host may not activate dendritic cells or immune responses and
may lead to immune quiescence or tolerance.
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manifestations of danger such as neurotransmitters
released during the ‘fight–flight’ response, or severe cell
death caused by other trauma, cardiac arrests or
strokes, also activate immune cells? If so what possible
advantage does this offer the victim? Microbes them-
selves must have uric acid — if so, might it be that the
response to uric acid crystals reflects a response that
evolved to sense microbial uric acids via some PRRs?
Indeed, are all the other ‘endogenous’ danger mole-
cules such as heat shock proteins and nucleotides also
contained in microbes? If so, can these be considered
bona fide danger molecules? What is the nature of this
PRR that senses uric acid crystals? Is it one of the
TLRs? As TLR2, 7, and 9 have all been shown to be
triggered by small molecules, might one of these be the
receptor for sensing uric acid crystals? Under what
physiological or pathological conditions might this uric
acid sensing be relevant, and when might uric acid con-
centrations become so high as to form crystals? If,
indeed, as the authors suggest, this occurs during cel-
lular damage caused by infections, wouldn’t the
immune system have already been activated by the
microbial PRR-triggering structures, before significant
cellular damage occurred? Also, do all types of dead
cell contain uric acid or is it only necrotic cells?
These questions notwithstanding, the Shi paper
presents a compelling case for the notion that our
immunological destinies are shaped not just by the
microbes that co-inhabit our planet, but also by the
dangers within us — indeed, even the dead within us
seem to exert their dominion over our immunity.
References
1. Shi, Y., Evans, J.E., and Rock, K.L. (2003). Molecular identification
of a danger signal that alerts the immune system to dying cells.
Nature 425, 516–521.
2. Pulendran, B., Palucka, K., and Banchereau, J. (2001). Sensing
pathogens and tuning immune responses. Science 293, 253–256.
3. Burnet, F.M. (1957). A modification of Jerne’s theory of antibody
production using the concept of clonal selection. Aust. J. Sci. 20,
67–69.
4. Dresser, D.W. (1962). Specific inhibition of antibody production. II.
Paralysis induced in adult mice by small quantities of protein
antigen. Immunology 5, 131–138.
5. Bretscher, P., and Cohn, M. (1970). A theory of self-nonself dis-
crimination. Science 169, 1042–1049.
6. Lafferty, K.J., and Cunningham, A.J. (1975). A new analysis of allo-
geneic interactions. Aust. J. Exp. Biol. Med. Sci. 53, 27–42.
7. Janeway, C.A., Jr. (1989). Approaching the asymptote? Evolution
and revolution in immunology. Cold Spring Harb. Symp. Quant. Biol.
1, 1–13.
8. Medzhitov, R., Preston-Hurlburt, P., and Janeway, C.A., Jr. (1997).
A human homologue of the Drosophila Toll protein signals activa-
tion of adaptive immunity. Nature 388, 394–397.
9. Janeway, C.A., Jr., and Medzhitov, R. (2002). Innate immune recog-
nition. Annu. Rev. Immunol. 20, 197–216.
10. Matzinger, P. (1994). Tolerance, danger, and the extended family.
Annu. Rev. Immunol. 12, 991–1045.
11. Albert, M.L., Sauter, B., and Bhardwaj, N. (1998). Dendritic cells
acquire antigen from apoptotic cells and induce class I-restricted
CTLs. Nature 392, 86–89.
12. Rubartelli, A., Poggi, A., and Zocchi, M.R. (1997). The selective
engulfment of apoptotic bodies by dendritic cells is mediated by the
alpha(v)beta3 integrin and requires intracellular and extracellular
calcium. Eur. J. Immunol. 27, 1893–1900.
13. Stuart, L.M., Lucas, M., Simpson, C., Lamb, J., Savill, J., and Lacy-
Hulbert, A. (2002). Inhibitory effects of apoptotic cell ingestion upon
endotoxin-driven myeloid dendritic cell maturation. J. Immunol. 168,
1627–1635.
14. Gallucci, S., Lolkema, M., and Matzinger, P. (1999). Natural adju-
vants: endogenous activators of dendritic cells. Nat. Med. 5,
1249–1255.
15. Sauter, B., Albert, M.L., Francisco, L., Larsson, M., Somersan, S.,
and Bhardwaj, N. (2000). Consequences of cell death: exposure to
necrotic tumor cells, but not primary tissue cells or apoptotic cells,
induces the maturation of immunostimulatory. J. Exp. Med. 3,
423–434.
16. Srivastava, P. (2002). Interaction of heat shock proteins with pep-
tides and antigen presenting cells: chaperoning of the innate and
adaptive immune responses. Annu. Rev. Immunol. 20, 395–425.
17. Melcher, A., Todryk, S., Hardwick, N., Ford, M., Jacobson, M., and
Vile, R.G. (1998). Tumor immunogenicity is determined by the mech-
anism of cell death via induction of heat shock protein expression.
Nat. Med. 4, 581–587.
18. Basu, S., Binder, R.J., Suto, R., Anderson, K.M., and Srivastava,
P.K. (2000). Necrotic but not apoptotic cell death releases heat
shock proteins, which deliver a partial maturation signal to dendritic
cells and activate the NF-kappa B pathway. Int. Immunol. 12,
1539–1546.
19. Lazarowski, E.R., Homolya, L., Boucher, R.C., and Harden, T.K.
(1997). Direct demonstration of mechanically induced release of cel-
lular UTP and its implication for uridine nucleotide receptor activa-
tion. J. Biol. Chem. 272, 24348–24354.
20. Coutinho-Silva, R., Persechini, P.M., Bisaggio, R.D., Perfettini, J.L.,
Neto, A.C., Kanellopoulos, J.M., Motta-Ly, I., Dautry-Varsat, A., and
Ojcius, D.M. (1999). P2Z/P2X7 receptor-dependent apoptosis of
dendritic cells. Am. J. Physiol. 276, C1139–C1147.
